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Electron transport through the T-shaped quantum-dot (QD) structure is theoretically investi-
gated, by considering a Majorana zero mode coupled to the terminal QD. It is found that in the
double-QD case, the presence of the Majorana zero mode can efficiently dissolve the antiresonance
point in the conductance spectrum and induce a conductance peak to appear at the same energy
position whose value is equal to e2/2h. This antiresonance-resonance change will be suitable to
detect the Majorana bound states. Next in the multi-QD case, we observe that in the zero-bias
limit, the conductances are always the same as the double-QD result, independent of the parity of
the QD number. We believe that all these results can be helpful for understanding the properties
of Majorana bound states.
PACS numbers: 73.21..b, 74.78.Na, 73.63..b, 03.67.Lx
I. INTRODUCTION
Majorana fermions, exotic quasiparticles with
non-Abelian statistics, have attracted a great deal
of attention due to both their fundamental interest
and the potential application for the decoherence-
free quantum computation. Different groups have
proposed various ways to realize unpaired Majo-
rana fermions, such as in a vortex core in a p-wave
superconductor1–6 or superfluid.7,8 Recently, it has
been reported that Majorana bound states (MBSs)
can be realized at the ends of a one-dimensional
p-wave superconductor for which the proposed sys-
tem is a semiconductor nanowire with Rashba spin-
orbit interaction to which both a magnetic field
and proximity-induced s-wave pairing are added.9–12
This means that Majorana fermions can be con-
structed in solid states, and that its application
becomes more feasible. However, how to detect
and verify the existence of MBSs is a key issue
and is rather difficult. Various schemes have been
suggested, including the noise measurements,13,14
the resonant Andreev reflection by a scanning tun-
neling miscroscope (STM),15 and the 4π periodic
Majorana-Josephson currents.16
More recently, some researchers demonstrated
that the MBS can be detected by coupling it later-
ally to a QD in one closed circuit. The main reason
arises from the quantifiable change of the MBS on
the electron transport through a QD structure. For
example, when the QD is noninteracting and in the
resonant-tunneling regime, the MBS influences the
conductance through the QD by inducing the sharp
decrease of the conductance by a factor of 1
2
, as re-
ported by D. E. Liu and H. U. Baranger.17 If the
QD is in the Kondo regime, the QD-MBS coupling
reduces the unitary-limit value of the linear conduc-
tance by exactly a factor 3
4
.18 These results exactly
illustrate that the QD structure is a good candi-
date for the detection of MBSs. Motivated by these
works, researchers tried to clarify the other under-
lying transport properties of the QD structure due
to the QD-MBS coupling. Y. Cao et al. discussed
the current and shot noise properties of this sys-
tem by tuning the structure parameters.19 Besides,
the MBS-assisted transport properties have been in-
vestigated in the double-QD structures, and a vari-
ety of interesting results have been observed, such
as the crossed Andreev reflection20 and nonlocal
entanglement.21 These works convinced researchers
that it can be feasible to detect Majorana fermions
in the QD structure. However, the key point is that
the experimental results are difficult to coincide with
the value calculated in theory, because various de-
coherence factors exist in the experimental process.
This means that it is less convincing to detect the
MBSs by observing the change of resonant tunnel-
ing from e
2
h to
e2
2h . Therefore, any new schemes to
efficiently detect the MBSs are desirable.
QDs have one important characteristic that some
QDs can be coupled to form the coupled-QD sys-
tems. In comparison with the single-QD and double-
QD systems, mutiple QDs present more intricate
quantum transport behaviors, because of the tun-
able structure parameters and abundant quantum
interference mechanisms. As a typical example, the
antiresonance in electronic transport through a T-
shaped multi-QD structure were extensively studied
in the previous works.22–28 Such an effect is tightly
related to the parity of QD number. Namely, in the
odd-numbered QD case, resonant tunneling occurs
at the low-bias limit. Conversely, for the case of
even-numbered QDs, the electronic transport shows
the antiresonance effect which leads to one conduc-
tance zero.23,26 In view of these results, it is natural
to think that if the MBSs could efficiently modify the
transport properties of the T-shaped QD structure,
e.g., the antiresonance effect, such a QD structure
will be a more promising candidate for the detection
of MBSs. Motivated by this idea, in the present work
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FIG. 1: Sketch of a T-shaped QD system with coupled
MBSs. The two MBSs are defined as η1 and η2, re-
spectively. (b) Schematic of the T-shaped double-QD
structure with coupled MBSs in the Majorana fermion
representation.
we consider a Majorana zero mode to side-couple to
the last QD of the T-shaped QD structure. By cal-
culating the conductance spectrum, we found that
the presence of the Majorana zero mode completely
modifies the electron transport properties of the T-
shaped QD structure. The conductance spectra al-
ways exhibit the similar conductance peaks whose
values are equal to e
2
2h at the zero-bias limit, accom-
panied by the disappearance of the antiresonance
effect. We therefore propose this structure to be an
appropriate candidate to detect the MBSs.
II. MODEL
The electronic transport structure we propose to
detect the MBS is illustrated in Fig.1. In such a
structure, the last QD of a noninteracting T-shaped
QD system is coupled to one MBS. With the current
experimental technique, the T-shaped QD structure
can be readily fabricated. And it is also actually
possible to measure its electron transport spectrum.
For example, the antiresonance phenomenon in the
electron transport process has been successfully ob-
served in an recent experimental work.29 As for
the realization of the MBSs, various schemes have
been proposed. For instance, when a semiconduc-
tor nanowire with strong Rashba interaction is sub-
jected to a strong magnetic field B and adhere to a
proximity-induced s-wave superconductivity, a pair
of MBSs can form at the end of the nanowire,5,11
in the case of Vz = gµBB/2 >
√
∆2 + µ2 (∆ is the
superconducting order parameter and µ is the chem-
ical potential of the nanowire).
In Fig.1, one MBS, defined by η1, is assumed to
be coupled to QD-N . Accordingly, the Hamiltonian
of such a structure can be written as
H = H0 +HM +HMD. (1)
The first term is the Hamiltonian for the T-shaped
QD system with the two connected normal metallic
leads, which takes the form as
H0 =
∑
αk
εαkc
†
αkcαk +
N∑
j=1
εjd
†
jdj +
N−1∑
j=1
tjd
†
jdj+1
+
∑
αk
Vαd
†
1cαk +H.c.. (2)
c†αk (cαk) is an operator to create (annihilate) an
electron of the continuous state |k〉 in the lead-α
(α ∈ L,R). εαk is the corresponding single-particle
energy. d†j (dj ) is the creation (annihilation) op-
erator of electron in QD-j. εj denotes the electron
level in the corresponding QD. tj denotes the tun-
neling between the two neighboring QDs. Vα is the
tunneling element between QD-1 and lead-α. Note
that since the QD structure is noninteracting, we in
this paper neglect the spin index. Next, the low-
energy effective Hamiltonian for HM (i.e., the Ma-
jorana fermion) reads
HM = iǫMη1η2. (3)
It describes the paired MBSs generated at the ends
of the nanowire and coupled to each other by an
energy ǫM ∼ e−l/ξ, with l the wire length and ξ the
superconducting coherent length. The last term in
Eq.(1) describes the tunnel coupling between QD-N
and the nearby MBS, which is given by
HMD = (λdN − λ∗d†N )η1. (4)
λ is the coupling coefficient between QD-N and the
MBS.
By applying a bias voltage Vb between the two
leads with µL = εF +
eVb
2
and µR = εF − eVb2 , we
can investigate the electron transport properties in
the presence of Majorana fermion (µα is the chemi-
cal potential of lead-α, and εF is the Fermi level in
the case of Vb = 0 which can be assumed to be zero).
Note that in order to realize the robust MBSs, the
following condition must be satisfied: the Zeeman
splitting Vz ≫ |Vb|, λ, and Γ. Γ = 12 (ΓL + ΓR) is
the QD-lead coupling with Γα ≡ 2π|Vα|2ρ and ρ the
density of states of the leads. One can notice that
since the presence of MBSs, this structure is actually
a three-terminal system. Thus, we have to calcu-
late the current of lead-L and lead-R, respectively,
for completely clarifying the electron transport in
this structure. With the help of the nonequilibrium
Green function technique, the current in lead-α is
expressed as30
Jα =
e
h
∫
dω[Tαα
′
ee (ω)(f
α
e −fα
′
e )+T
αα
eh (ω)(f
α
e −fαh )].
(5)
In this formula, fαe and f
α
h are the Fermi distri-
butions of the electron and hole in lead-α, respec-
tively. Tαα
′
ee (ω) = Tr[Γ
α
eG
RΓα
′
e G
A] and Tααeh (ω) =
3Tr[ΓαeG
RΓαhG
A], where GR and GA are the related
and advanced Green functions. Within the wide-
band limit approximation, Γαe = Γ
α
h = Γ
α. More-
over, when the symmetric-coupling case is consid-
ered, i.e., Γα = Γ, the two terms on the right side of
Eq.(5) will be equal and JL = −JR.
In order to get the analytical form of the re-
tarded Green function, it is necessary to switch from
the Majorana fermion representation to the com-
pletely equivalent regular fermion one by defining
η1 = (f
† + f)/
√
2 and η2 = i(f
† − f)/√2 with
{f, f †} = 1. Accordingly, we can write out HM and
HD respectively as HM = ǫM (f
†f − 1
2
) and
HMD =
1√
2
(λdN − λ∗d†N )(f † + f). (6)
Then with the equation of motion method, the
matrix form of the retarded Green function can be
written out, i.e.,
G
R(ω) =


g1(z)
−1 0 −t1 0 0 0 0 · · · 0
0 g˜1(z)
−1 0 t1 0 0 0 · · · 0
−t∗1 0 g2(z)−1 0 −t2 0 0 · · · 0
0 t∗1 0 g˜2(z)
−1 0
. . . 0 · · · ...
0 0 −t∗2 0
. . . 0 tN−1 · · ·
...
0 0
. . . 0 gN (z)
−1 0 λ
∗√
2
λ∗√
2
... t∗N−1 0 g˜N(z)
−1 − λ√
2
− λ√
2
0 0 · · · 0 0 λ√
2
− λ∗√
2
gM (z)
−1 0
0 0 0 0 · · · λ√
2
− λ∗√
2
0 g˜M (z)
−1


−1
. (7)
In the above equation, gj(z)
−1 = ω− εj + iΓδj1 and
g˜j(z)
−1 = ω+εj+iΓδj1; gM (z)−1 = ω−ǫM+i0+ and
g˜M (z)
−1 = ω+ ǫM + i0+. Via the above derivation,
we can simplify the current formula in this structure
as
J =
e
h
∫
dωT (ω)(fLe − fRe ), (8)
in which T (ω) = −ΓImGR11.
III. NUMERICAL RESULTS AND
DISCUSSIONS
With the formulation developed in the above sec-
tion, we perform the numerical calculation to inves-
tigate the electron transport properties of the T-
shaped QD structure. In the context, the symmetric
QD-lead coupling is considered, and temperature is
fixed at kBT = 0.
First of all, we investigate the electron transport
properties of the double-QD configuration with the
finite coupling between QD-2 and η1. The numeri-
cal results are shown in Fig.2 where εj is taken to
be zero. In Fig.2(a), we find that in the case of
λ = 0, the conductance exhibits two peaks at the
points of eVb = ±2.0, and at the point of eVb = 0 it
becomes equal to zero. These two results are easy
to understand. In the case of εj = 0, the molecular
states of the double QDs are located at the points
of ω = ±t1. When eVb = ±2.0, the Fermi levels of
the leads will coincide with the energy levels of the
molecular states, respectively. On the other hand,
many groups have demonstrated that such a struc-
ture provides two special transmission paths for the
quantum interference. As a result, when the en-
ergy of the incident electron is the same as the en-
ergy level of the side-coupled QD, destructive quan-
tum interference will take place, leading to the well-
known Fano antiresonance effect. In the zero-bias
limit, only the zero-energy electron takes part in the
quantum transport, so the conductance zero comes
into being.
Next, when the coupling between QD-2 and η1
is incorporated, we can clearly find that the con-
ductance peaks are first suppressed and then split.
What is interesting is that in the presence of nonzero
λ, the conductance at the zero-bias point shows a
peak. By a further observation, we know that the
conductance value at the energy zero point is ex-
actly equal to e2/2h. With the enhancement of such
a coupling, this conductance peak is widened, leav-
ing its peak height unchanged. For explaining this
result, we should first solve the value of the conduc-
tance peak mathematically. Based on the expression
of GR11 in Eq.(9), we get the analytical form of G
R
11
in the finite-λ case, i.e.,
4GR11 = 1/[ω − ε1 + iΓ−
|t1|2∆(ω)− |t1λ|2ω(ω + ε1 + iΓ)
(ω − ε2)∆(ω) + |t1λ|2ω − 2|λ|2ω2(ω + ε1 + iΓ)], (9)
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FIG. 2: The conductance spectra of the T-shaped
double-QD structure. The QD-lead coupling is fixed
with Γ = 1
2
. (a) The conductance as functions of eVb
with the increase of the coupling between QD-N and η1.
The interdot coupling is taken to be t1 = 1.0. (b) The
conductance as functions changed by the decrease of the
interdot coupling. λ = 1.0. (c) The conductance influ-
enced by the shift of ε2 with t1 =
1
2
and λ = 1.0.
where ∆(ω) = [(ω + ε1 + iΓ)(ω + ε2) − |t1|2](ω2 −
ε2M ). Such a result shows that the nonzero λ indeed
complicates the selfenergy of GR11, hence to modify
its properties. It is known that in the case of Vb → 0,
the electron transport is in the linear regime where
J = G·Vb. Here G is the so-called linear conductance
defined by G= e2h T (ω)|ω=0. Surely, in such a case,
the characteristic of GR11 in the region of ω → 0
plays a dominant role in contributing to the linear
conductance. We can readily find that in the case of
ω → 0, GR11 can be simplified, i.e.,
GR11 ≈
1
ω + 2iΓ
. (10)
Consequently, the conductance is equal to e
2
2h in the
zero-bias limit.
In order to further analyze the results shown in
Fig.2(a), we should clarify the underlying physics
mechanism in such a structure. For this pur-
pose, we rewrite the Hamiltonian in Eq.(1) in the
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FIG. 3: The conductance spectra of the T-shaped
double-QD structure in the case of nonzero coupling be-
tween η1 and η2.
Majorana representation. To be specific, the two
leads should be first rewritten into two semi-infinite
tight-binding fermionic chains, i.e.,
∑
k εLkc
†
LkcLk =∑−1
j=−∞ τ(c
†
jcj−1 + h.c.) and
∑
k εRkc
†
RkcRk =∑∞
j=1 τ(c
†
jcj+1 + h.c.) ( εαk and τ are confined by
the relation of εαk = 2τ cos k). Suppose d1 = c0
(d†1 = c
†
0), i.e., the two leads with their connected
QD-1 just becomes a one-dimensional chain. Next,
by defining βj = (c
†
j+cj)/
√
2 and γj = i(c
†
j−cj)/
√
2,
the one-dimensional chain reduces to two decoupled
Majorana chains. By the same token, the side-
coupled QD can be transformed into a MBS by defin-
ing β˜1 = (d
†
2 + d2)/
√
2 and γ˜1 = i(d
†
2 − d2)/
√
2.
As a consequence, one can readily find that the
T-shaped double-QD structure can exactly be di-
vided into two isolated T-shaped Majorana chains,
as shown in Fig.1(b). The difference between these
two chains is that there are two MBSs coupled to
each other serially in the lower branch, whereas in
the upper branch only one MBS is presented. For
each branch, the Majorana fermion transport can
be evaluated by means of the nonequilibrium Green
function technique. Since the calculation is simple,
we would not like to present the derivation precess.
According to the calculation results, the T-shaped
Majorana chain exhibits the same transport proper-
ties as the regular fermionic one. Namely, when the
number of the side-coupled MBSs is odd, the trans-
port spectra show up as an antiresonance point at
the point of ω = 0; instead, the transport will occur
resonantly if the MBS number is even. Therefore,
in the T-shaped double-QD structure with the side-
coupled MBSs, the transport is only contributed by
the lower branch. And then, the value of the con-
ductance is equal to e
2
2h in the zero-bias limit.
Fig.2(b)-(c) show the influences of changing t1 and
5ε2 on the conductance, respectively. In Fig.2(b),
we see that with the decrease of t1, the conduc-
tance peaks in the vicinities of eVb = ±1.5 enhance
and shift to the zero-bias direction. However, the
conductance value at the zero-bias point is robust
with G ≡ e2
2h . Thereby, at such a point the original
conductance peak vanishes and a conductance val-
ley forms. In addition, it can be seen that during
the process of decreasing t1, the conductance peaks
around the points of eVb = ±3.0 disappears. These
results can be understood as follows. When t1 de-
ceases, QD-2 tends to decouple from QD-1. In such
a case, the strong coupling between QD-2 and η1
will construct a new MBS which couples to QD-1
weakly. Just due to this reason, we can find that
the result of t1 = 0.1 is consistent with that of the
small λ in Ref.17. Alternatively, in Fig.2(c), it shows
that the shift of ε2 contributes little to the change
of the electron transport. This is completely oppo-
site to the results in the absence of MBSs. We can
analyze this result with the help of Eq.(10). We see
that in the region of |ω| → 0, the terms related to ε2
are ignored. This exactly means the trivial role of
ε2. Based on this result, we readily know that in the
presence of MBSs, the fluctuation of QD levels can
not influence the electron transport, which is helpful
for the relevant experiment.
If the MBS wire is not long enough, the two MBSs
will be coupled to each other. In Fig.3 we present
the conductance spectra in the case of nonzero cou-
pling between the two MBSs. It can be found that
different from the results of ǫM = 0, the nonzero ǫM
induces the appearance of the conductance dip in the
zero-bias limit. When ǫM = 0.02, the conductance
dip is relatively weak, and the conductance spec-
trum is consistent with that in the case of ǫM = 0 in
principle. Next, with the increase of ǫM , the conduc-
tance dip becomes apparent. Especially in the case
of ǫM = 0.3, it exactly becomes an antiresonance
with the wide antiresonance valley. This indicates
that in the case of ǫM 6= 0, the conductance spec-
trum will exhibit an antiresonance point at the zero-
bias limit, similar to the zero-MBS result. However,
it should be pointed out that regardless of the split-
ting of the conductance peak at the zero-bias case,
the height of the two new conductance peaks near
the point of Vb = 0 is still close to
e2
2h . Therefore,
even not in the zero mode, the effect of the QD-MBS
coupling on the conductance is distinct.
In order to describe the robustness of the MBS
signature in the real physical system, we next
calculate the electron transport by writing the
MBS into a one-dimensional semi-infinite topolog-
ical superconductor.31 For simplicity, we write HM
as a semi-infinite p-wave superconducting chain, i.e.,
HM = −µ
∑
j c
†
jcj +
1
2
∑
j [tc
†
jcj+1 + ∆e
iφc†jc
†
j+1 +
h.c.]. Meanwhile, HMD has its new expression:
HMD = td(d
†
2c1 + h.c.). By iteratively solving
the end states of the semi-infinite chain, the MBS-
assisted electron transport can be evaluated, and
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FIG. 4: The influence of the Majorana zero mode on the
electron transport in the double-QD case when the Majo-
rana zero mode is mimicked by a semi-infinite chain. The
structure parameters are taken as follows: (a) t = 1.0
and ∆ = 0; (b) t = 1.0 and ∆ = 0.3; (c) td = 0.5 and
∆ = 0.3.
the influence of the structure parameters of HM can
then be clarified. Fig.4 shows the numerical results
with µ = 0. In Fig.4(a), we see that in the case of
∆ = 0, the conductance spectra are still character-
ized by the apparent valleys, despite the disappear-
ance of the antiresonance. The reason is that in such
a case, the superconductor just becomes a normal
electron reservoir and introduces the inelastic scat-
tering for electron transmission, hence to weaken the
antiresonance effect. But in the case of td = 0.2, the
coupling between QD-2 and the chain is relatively
weak, so that the conductance minimum is almost
equal to zero. On the other hand, in Fig.4(b) when
∆ = 0.3, one conductance peak with its value equal
to e
2
2h appears in the conductance spectra at the zero-
bias limit. The decrease of td can only narrow the
conductance peak but can not suppress its height.
Similar results can be found in the process of in-
creasing t, as shown in Fig.4(c). What is notable in
Fig.4(c) is that when t increases from 2.0 to 3.0, the
conductance peak narrows more weakly compared
with that of increasing t from 1.0 to 2.0. Based on
these results, it can be found that ∆ and td are the
two key factors to adjust the MBS-assisted electron
transport. At the same time, these calculations ex-
actly verify our results in the previous paragraphs.
Motivated by the results of the double-QD struc-
ture, we next investigate the multi-QD case. Ac-
cording to the previous works, the antiresonance is
tightly related to the QD number in the T-shaped
60.0
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FIG. 5: The conductance spectra of the T-shaped multi-
QD structure. In (a) N=3, and N=4 in (b). The relevant
parameters are the same as those in Fig.2.
multi-QD structure. Concretely, when the QD num-
ber is even, antiresonance always appear at the zero-
bias point; The resonant tunneling will be observed
at such a point otherwise.26,28 In Fig.5 we take the
cases of N = 3 and N = 4 to compare the elec-
tron transport properties modified by the MBS in
the T-shaped multi-QD structure. From Fig.5(a),
we readily find that in the case of N = 3, the con-
ductance is equal to e
2
h around the point of eVb = 0
when λ = 0. When λ = 0.1, despite the weak cou-
pling between QD-3 and η1, the conductance grad-
ually decreases to e
2
2h at the zero-bias point. Con-
sequently, the conductance exhibits a valley around
the zero-bias point. With the increase of λ, such a
valley becomes widened. When λ further increases
to λ = 0.5, the conductance magnitude is suppressed
apparently, leading to the formation of the conduc-
tance peak at the zero-bias point. As for the re-
sults in Fig.5(b) where N = 4, we see that they are
similar to those in the double-QD case. The only
difference is the increase of the conductance peaks.
These results can be understood by following our
analysis about the double-QD case. In the Majorana
fermion representation, the T-shaped QD structure
transforms into two isolated branches, and the side-
coupled MBSs in the two branches just differ by one.
Thus when the transport in one branch is resonant,
the antiresonant transport certainly happens in the
other. Therefore, in the low-bias limit, the conduc-
tance is certainly equal to e
2
2h , independent of the
size of the side-coupled QD chain.
IV. SUMMARY
In summary, we have introduced a Majorana zero
mode to couple to the last QD of the T-shaped QD
structure and then investigated the electron trans-
port in it. After numerical calculation, we have
found that the existence of the Majorana zero mode
completely modifies the electron transport proper-
ties of the QD structure. For a typical structure
of double QDs, the coupling between the Majorana
zero mode and the side-coupled QD efficiently dis-
solves the antiresonance point in the conductance
spectrum and induces a conductance peak to ap-
pear at the same energy position whose value is
equal to e
2
2h . We believe that such an antiresonance-
resonance transformation will more feasible to de-
tect the MBSs, in comparison with the change of
from e
2
h to
e2
2h in the single-QD structure. Next,
the influences of the MBSs on the electron trans-
port in the multi-QD structure have been discussed.
It showed that the conductance spectra always ex-
hibit the similar conductance peaks whose values are
always equal to e
2
2h in the zero-bias limit, indepen-
dent of the change of QD number. By transform-
ing the QD system into the Majorana fermion rep-
resentation, all the results have been well clarified.
Based on all the obtained results, we propose that
this structure can be a promising candidate for the
detection of the MBSs.
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